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Abstract
Aim: To investigate the associations of tobacco smoking and alcohol consumption
with periodontitis using Mendelian randomization (MR) analysis.
Materials and methods: We used 17 single nucleotide polymorphisms (SNPs) as instru-
mental variables (IVs) for the number of cigarettes per day from a genome-wide associa-
tion study (GWAS) of 337,334 individuals, 109 SNPs for a lifetime smoking index from
GWAS of 462,690 participants, and 33 SNPs for the number of drinks per week from
GWAS of 941,280 individuals. The periodontitis GWAS included 12,289 cases and
22,326 controls. Wald ratios were obtained by dividing the SNP–periodontitis effects
by SNP–exposure effects and pooled using an inverse-variance weighted model.
Results: Genetic liabilities for higher number of cigarettes per day (odds ratio
[OR] per one standard deviation (1SD) increment = 1.56; 95% CI: 1.18–2.07,
p-value = .0018, Q-value = .0054), lifetime smoking index (OR per 1SD = 1.26; 95%
CI: 1.04–1.53, p-value = .0161, Q-value = .0242), and drinks per week (OR per
1SD = 1.41; 95% CI: 1.04–1.90, p-value = .0265, Q-value = .0265) were associated
with increased odds of periodontitis. Estimates were consistent across robust and
multivariable MR analyses.
Conclusions: The findings of this MR analysis suggest an association between
tobacco smoking and alcohol consumption with periodontitis.
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Clinical Relevance
Scientific rationale for study: The relevance of tobacco smoking and alcohol consumption as risk
factors for periodontitis is unclear based on traditional observational studies.
Principal findings: By considering the relationships between genetically predicted values of
smoking, alcohol, and periodontitis within a two-sample instrumental variable framework which
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is less influenced by environmental confounding and reverse causation, we found that smoking
and alcohol affect periodontitis.
Practical implications: This study adds to the evidence base that tobacco and alcohol play a role
in periodontitis. Triangulating MR and observational studies, addressing orthogonal sources of
bias, are necessary to confirm this finding.
1 | INTRODUCTION
Tobacco smoking and alcohol consumption is a major public health
concern (GBD 2019 Risk Factors Collaborators, 2020). The associa-
tion of smoking and alcohol with periodontitis has received particular
attention because both are potentially modifiable behavioural risk fac-
tors (Wang et al., 2016; Chapple et al., 2017; Leite et al., 2018;
Pulikkotil et al., 2020). Nonetheless, there is still uncertainty regarding
the nature of the association of smoking and alcohol use with the
development and progression of periodontitis, and ascertaining cau-
sality and whether modification of these risk factors will reduce peri-
odontal risk is less certain. Establishing causality is important, as this is
essential for recommending public policies and clinical interventions.
Literature suggests that smoking and alcohol consumption
increases periodontitis risk, but the available observational data might
be subject to confounding and reverse causation, making causal infer-
ence difficult (Davey Smith & Phillips, 2020). Most available evidence
on the association between smoking, alcohol, and periodontitis origi-
nates from cross-sectional observational studies, although with such a
design one cannot determine the temporal order (Danaei et al., 2012;
Heaton et al., 2014). While prospective randomized controlled trials
(RCTs) are the criterion standard of causal inference (Collins
et al., 2020), performing RCTs to evaluate the effects of smoking and
alcohol consumption is infeasible and unethical. Mendelian randomi-
zation (MR), which uses single nucleotide polymorphisms (SNPs) as
unconfounded proxies for exposures to estimate their effect on out-
comes of interest, minimizes bias affecting observational epidemio-
logic studies (Davey Smith et al., 2020). Conceptually, MR has
analogies with RCTs, with randomization occurring at meiosis, and is
an important strategy for strengthening causal inference when RCTs
are not available (Burgess et al., 2018). MR is less affected by reverse
causation, as genetic variants are fixed at conception. MR is also less
susceptible to environmental confounding compared with conven-
tional observational studies because genetic instrumental variables
(IVs) are assumed to affect the outcome only via the exposure and to
be independent of confounders. We used MR to investigate the
potential causal associations of genetic liability for tobacco smoking
and alcohol consumption with periodontitis.
2 | MATERIALS AND METHODS
MR applies IVs to investigate the potential causal effect of an expo-
sure using genetic variants as IVs for the exposure (Burgess
et al., 2018). IVs are used to make causal inference in non-
experimental data and have been widely used in economics
(Wooldridge, 2010). Given the random allocation of genetic variants
at conception, MR estimates are not biased by confounding, reverse
causation, and measurement error. The most widely adopted
approach is to rely on inferences from SNPs identified through
genome-wide association studies (GWAS) (Burgess et al., 2018). Three
core assumptions are required for a genetic variant to qualify as a
valid IV: (1) the genetic variants are reliably associated with the expo-
sure (the “relevance” assumption); (2) they are independent of
confounding factors connecting the exposure with the outcome (the
“exchangeability” or “no correlated pleiotropy” assumption); and
(3) the genetic variants do not affect the outcome via any variable
other than the exposure (the “exclusion restriction” criterion) (Hemani
et al., 2018; J. Labrecque & Swanson, 2018). To satisfy the first MR
assumption, we chose SNPs that were associated with our exposure
variables at a level of genome-wide significance (p-value <5  108)
and performed linkage disequilibrium (LD) clumping to ensure that the
SNPs are independent by selecting only the SNP with the lowest
p-value among all SNPs with an LD r2 ≥ .001 (Burgess et al., 2020). To
further verify the first assumption, we computed the F-statistic and
the proportion of the variance of phenotype explained by all SNPs
(Burgess & Thompson, 2011).
We used GWAS exposure summary data from the largest avail-
able GWAS on the number of cigarettes per day, a lifetime smoking
index, and the number of alcoholic drinks per week (Liu et al., 2019;
Wootton et al., 2020). The GWAS of the number of cigarettes per day
included 337,334 individuals from the Sequencing Consortium of
Alcohol and Nicotine use (GSCAN), UK Biobank, and 23andMe (Liu
et al., 2019). Cigarettes per day was defined as the average number of
cigarettes smoked per day, either as a current smoker or former
smoker. Any non-European samples were excluded to meet the
assumption of the two-sample MR approach that the samples are
homogeneous so that the SNP–exposure associations are identical
across the samples (Burgess et al., 2018). The GWAS also excluded
results from smaller studies when estimation results were inflated or
deflated per the genomic control. We selected 17 SNPs as instru-
ments for the number of cigarettes per day, which explained 3.7% in
the phenotypical variance and had a minimum F-statistic of 29.7 (Sup-
plementary Table 1). A secondary analysis was performed using
GWAS summary data on a lifetime smoking index among UK Biobank
participants. Applying a previously established methodology
(Leffondré et al., 2006), the authors of the GWAS developed a model
that incorporated time since onset, duration of smoking, and ciga-
rettes per day, as well as the half-life and lag time constants to cap-
ture the non-linear risk of smoking on health (Wootton et al., 2020).
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After excluding individuals who did not pass genotype exclusions and
who had missing phenotype data, 462,690 individuals remained for
the GWAS. The 109 SNPs selected for the lifetime smoking index
explained 12.1% of the phenotypical variation; the minimum
F-statistic was 29.8. The GWAS of alcohol consumption was based on
the number of drinks consumed per week in 941,280 individuals from
several cohorts including 23andMe, UK Biobank, and deCODE. Drinks
per week was defined as the number of drinks a study paricipant
reported drinking each week, aggregated across the types of alcohol.
We selected 33 SNPs explaining 2.8% of the phenotypical variance
with a minimum F-statistic of 20.8 (Liu et al., 2019).
To verify the second MR condition, that is, the IVs are not associ-
ated with confounders, we searched the PhenoScanner database
(Kamat et al., 2019) for previously reported associations of instrument
SNPs (and LD proxies) with potential confounders. When the Phe-
noScanner search revealed previously described genome-wide signifi-
cant associations (p-value <5  108) with common causes of
smoking/alcohol and periodontitis (Chapple et al., 2017), we per-
formed multivariable MR analysis (Sanderson et al., 2019) to adjust for
indirect pathways, which could have introduced correlated pleiotropy.
The PhenoScanner search found associations of instruments with
obesity and education-related traits. We, therefore, selected SNPs for
body mass index from a GWAS (Pulit et al., 2019) of 694,649 partici-
pants and SNPs for education from a GWAS (Lee et al., 2018) of
1.131 million individuals for the multivariable MR analyses.
To test the third MR assumption, that is, the instrument is not associ-
ated with the outcome other than via its association with the exposure,
we examined potential pleiotropy by testing for heterogeneity of the indi-
vidual SNP effects using the Cochran Q and IGX
2 statistics, applied the
MR Egger intercept test of directional pleiotropy, the leave-one-out MR
analysis to assess whether the MR estimate was driven by a single SNP,
and applied various pleiotropy-robust MR methods (Hemani et al., 2018).
We extracted estimates of the effects of the smoking and alcohol expo-
sure associated variants on periodontitis from a GWAS of European stud-
ies, contributing studies of the GeneLifestyle Interactions in Dental
Endpoints (GLIDE) consortium, totaling 17,353 clinical periodontitis cases
and 28,210 controls (Shungin et al., 2015; Shungin et al., 2019). Periodon-
titis cases were classified by either the Centers for Disease and Control
and Prevention/American Academy of Periodontology (Page &
Eke, 2007) or Community Periodontal Index (CPI) (World Health
Organization, 2013) case definition based on probing depth and/or num-
ber of deep periodontal pockets (Shungin et al., 2015).
A priori statistical power was calculated according to Brion
et al. (2013). Given α = 5%, we had ≥80% power when the expected
ORs for periodontitis were ≥1.13, ≥1.07, and ≥1.15 for the number of
cigarettes per day, lifetime smoking index, and the number of drinks
per week, respectively.
2.1 | Statistical analyses
When genetic, exposure, and a binary outcome data are available on
the individual (study participant) level (“one-sample MR”), a two-stage
residual inclusion or a logistic structural mean model can be used for
IV analysis (Burgess et al., 2017). When only summary statistics
(regression coefficients and standard errors) for the SNP–exposure
and SNP–outcome associations are available from separate studies
(“two-sample MR”), the causal effect can be estimated by first deriv-
ing SNP-specific estimates as the SNP–outcome estimate divided by
the SNP–exposure estimate (Wald ratio), with standard errors derived
using the Delta method, and then pooling them using multiplicative
random effects inverse-variance weighted (IVW) meta-analysis
(Burgess et al., 2017, 2018). This estimate can also be motivated by
weighted linear regression through the origin using the precisions of
the IV associations with the outcome as weights. Two-sample MR is
widely used to exploit summary data from large genetic consortia to
increase the statistical power of MR (Burgess et al., 2020; Davey
Smith et al., 2020). IVW estimates are presented as OR per one stan-
dard deviation (1SD) increment in exposure variables. We applied the
Benjamini–Hochberg procedure (by exposure variable and method
across outcome) to adjust for multiple testing and presented the Q-
values (Storey & Tibshirani, 2003).
Directional pleiotropy can be assessed by performing MR Egger
regression (Burgess et al., 2018; Hemani et al., 2018). This is a
meta-regression of SNP–outcome association estimates on the
corresponding SNP–exposure association estimate after they have
been oriented in the positive direction. This is identical to the stan-
dard IVW approach, except that the intercept of the regression slope
is estimated, rather than being fixed to zero. We estimated penalized
weighted median, robust adjusted profile score, radial regression, and
MR-pleiotropy residual sum and outlier (MR-PRESSO) as pleiotropy-
robust methods (Hemani et al., 2018; Slob & Burgess, 2020). The
penalized weighted median method gives consistent effect estimates
under the assumption that no more than 50% of the weight of the
MR effect estimate comes from pleiotropic SNPs, where weight is
determined by the strength of their association with the exposure.
The contribution of heterogeneous SNP-specific estimates to the
overall estimate is further minimized by a penalization parameter. The
robust adjusted profile score model is an extension of IVW with
adjustment using the profile likelihood. Radial regression uses modi-
fied second-order weights to detect and remove outlying SNPs. In
MR-PRESSO, the IVW method is implemented by regression and the
residual sum of squares (RSS) is calculated as a heterogeneity mea-
sure. If the RSS is decreased compared to a simulated expected distri-
bution, then the SNP is removed from the analysis. Multivariable IVW
is an extension of the standard IVW model and considers several
exposures simultaneously and thus allows modelling of possible hori-
zontal pleiotropic pathways that would violate the second MR
assumption (Sanderson et al., 2019). It conditions the SNP–exposure
effects on their corresponding effects on other putative risk factor
traits that are on indirect pathways by regressing the summary genetic
associations with the outcomes on the genetic associations with the
exposure and risk factor using in a weighted regression model. In a
multivariable IVW, all SNPs should fulfil the IV assumptions. In addi-
tion, each IV should associate with the exposure of interest and the
risk factors. Analyses were performed using the meta (4.11.0),
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MendelianRandomization (0.4.3), MRPRESSO (1.0), phenoscanner
(1.0), and TwoSampleMR (0.5.5) packages in R, version 4.0.3. The
code is available at github.com/BaumeisterS/MR_smoking_alcohol_
periodont. The study was not pre-registered.
3 | RESULTS
Phenotypical descriptive statistics of studies included in the exposure
and outcome GWAS are provided in Supplementary Table 2. The MR
analysis showed genetic liability for the number of cigarettes per day
having an effect estimate consistent with increased odds of periodon-
titis (IVW OR = 1.56; 95% CI: 1.18–2.07; p-value = .0018;
Q-value = .0054) (Figure 1). In a secondary analysis, genetic liability to
lifetime smoking index was associated with increased odds of peri-
odontitis. The genetically instrumented number of drinks per week
was positively associated with periodontitis (IVW OR = 1.41; 95% CI:
1.04–1.90; p-value = .0265; Q-value = .0265).
There was small heterogeneity (in terms of IGX
2) between Wald
ratios, and the MR-Egger intercept analyses did not indicate direc-
tional pleiotropy (Supplementary Table 3). IVW leave-one-out analysis
did not identify any leverage points with high influence. The IVW esti-
mates were consistent with estimates from robust methods (Supple-
mentary Table 4). The PhenoScanner search found associations of
instruments with obesity and education-related traits. Estimates were
attenuated after adjusting for potentially correlated pleiotropy by
body mass index and education in multivariable IVW analysis
(Table 1). In multivariable IVW analysis, assessing the genetic liabilities
for cigarettes per day and drinks per week jointly, both exposures
retained a direct relationship with periodontitis (Table 1).
4 | DISCUSSION
We evaluated potential associations of the genetic liability for tobacco
smoking and alcohol consumption with periodontitis and found evi-
dence that smoking and alcohol consumption were associated with
increased periodontitis risk. MR estimates were consistent in magni-
tude and direction across exposures and analysis models, in multivari-
able MR analyses adjusted for education and body mass index, and in
mutual exposure adjustment.
Our findings extend observational literature, suggesting that
tobacco smoking and alcohol consumption increase the risk of
periodontitis. A recent systematic review highlighted an associa-
tion between tobacco smoking and the risk of periodontitis sum-
marizing estimates from 12 prospective studies in 12,238 adults
(Leite et al., 2018). The meta-analysis reported a pooled
confounder-adjusted relative risk (RR) for smoking and periodonti-
tis of 1.85 (95% CI: 1.50–2.20) with high heterogeneity
(I2 = 90.5%). The review further estimated that smoking accounts
for about 14% of the population attributable risk. Many of the
included studies had substantial attrition at follow-up, which could
have induced selection bias. While all studies included in the
review adjusted the analysis for observed confounding factors, a
threat to the validity of the associational estimate is residual con-
founding; although a strong unaccounted confounder, associated
with smoking and periodontitis with an RR of 2.36 (E-value;
Mathur & VanderWeele, 2020), would be required to shift the
lower CI limit of the meta-analysed RR (i.e., 1.50) to the null.
Further, the available prospective studies did not investigate
dose–response, cumulative smoking exposure, or change in
smoking exposure over time, and did not consider time-varying
F IGURE 1 Estimates for the relationship of genetic liability for cigarettes per day, lifetime smoking index, and drinks per week with risk of
periodontitis. Odds ratios per standard deviation increment in the exposure from single-variable inverse-variance weighted analysis
TABLE 1 Multivariable inverse-
variance weighted estimates for adjusted
relationships with periodontitis
Adjustment Exposure OR (95% CI) p-Value
Education, body mass index Cigarettes per day 1.21 (1.04; 1.42) .0153
Education, body mass index Lifetime smoking index 1.22 (1.07; 1.45) .0301
Education, body mass index Drinks per week 1.13 (0.99; 1.29) .0707
Drinks per week Cigarettes per day 1.43 (1.04; 1.97) .0299
Cigarettes per day Drinks per week 1.37 (1.12; 1.68) .0023
Abbreviations: CI, confidence interval; OR, odds ratio.
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confounding, and the reliance on a single self-report possibly intro-
duced regression dilution bias. The underlying mechanisms of
smoking in the pathophysiology of periodontitis remain to be
elucidated, but potentially include effect on the immune response,
the microbial composition, and the healing capacity of the per-
iodontium (Söder et al., 2002; Matthews et al., 2012; Jiang
et al., 2020).
Two systematic reviews have examined the association between
alcohol consumption and periodontitis (Wang et al., 2016; Pulikkotil
et al., 2020). The latest meta-analysis included 23 cross-sectional and
six prospective studies and produced a summary OR comparing any
alcohol intake and no intake of 1.26 (95% CI: 1.11–141, I2 = 71.7%)
(Pulikkotil et al., 2020). The meta-analysis by Pulikkoltil and colleagues
did not report a pooled estimate restricted to prospective studies.
Although the primary studies adjusted for confounders of the
alcohol–periodontitis association, weak residual confounding would
suffice to explain away the point estimate and lower CI limit (E-values
for the OR and the lower 95% limit: 1.48 and 1.29; Mathur &
VanderWeele, 2020). Also, the review did not include a dose–
response meta-analysis and collapsed all quantities and frequencies of
alcohol consumption into one category. Wang et al. (2016) reported
on a meta-analysis of 14 cross-sectional and four prospective obser-
vational studies published until 2015. The pooled RR comparing the
highest and lowest alcohol consumption groups was 1.59 (95% CI:
1.37–1.85, I2 = 70.8%). In an analysis restricted to four prospective
studies, the RR was 1.28 (95% CI: 1.04–1.57) and the dose–response
analysis revealed a linear relationship (Wang et al., 2016). A limiting
factor is that very few of the available prospective studies (Pitiphat
et al., 2003; Okamoto et al., 2006; Sankaranarayanan et al., 2020)
excluded participants who had prevalent periodontitis at baseline,
although this an essential principle to reduce the risk of reverse causa-
tion (Heaton et al., 2014). The possible mechanisms linking alcohol
consumption and periodontitis are host defence (impaired neutrophil,
macrophage, and T-cell functioning), cytokines, and necrosis factor-α
levels (Szabo & Saha, 2015; Barr et al., 2016).
Although the majority of available observational data on tobacco
smoking and alcohol consumption is cross-sectional, included preva-
lent users, and might be subject to residual confounding, findings from
the observational literature support the positive associations of
tobacco smoking and alcohol consumption with the risk of periodonti-
tis detected in our MR analysis. Evidence for tobacco smoking as a
causal risk factor for periodontitis seems to be stronger because more
prospective observational data is available, the observational meta-
analyses are less susceptible to unobserved confounding, and the mul-
tivariable MR analysis pointed to a lower potential for correlated
pleiotropy.
Several limitations need to be considered. Our analysis assumes a
linear relationship between the risk factors and the outcome. Quanti-
tative estimates may be misleading if the true relationship is non-lin-
ear, although estimates are still reflective of the presence and
direction of the population-averaged causal effect (Burgess
et al., 2014). Another limitation is that exposure assessment rested on
self-reported information, which is prone to underreporting. However,
classical measurement error in the exposure does not affect asymp-
totic estimates from IV analysis. Future MR studies might exploit
GWAS of biomarkers of smoking and alcohol exposure. By estimating
SNP–exposure associations in a sample of middle-aged and older
adults, we might have underestimated the denominator effect of the
ratio estimator. When the effect of the SNP on exposure changes
over time, the ratio estimator will represent a biased estimate of the
lifetime effect of smoking and alcohol use on periodontitis
(J. A. Labrecque & Swanson, 2019). One way to minimize this poten-
tial bias is to average over multiple SNP effects on phenotype (as was
done here through multiplicative random effects IVW), assuming that
time-dependent effects of multiple instruments average across a life-
time (J. A. Labrecque & Swanson, 2019). Even when the point esti-
mates might be biased due to time-varying SNP–exposure associations,
the MR analysis still provides a valid test of the causal null hypothesis
(J. A. Labrecque & Swanson, 2019). The smoking, alcohol, and periodon-
titis SNP effect estimates were obtained from European studies, thus
minimizing the possibility of population stratification bias and increasing
the plausibility of the two-sample MR assumption that summary associ-
ations derived from comparable populations; nevertheless, caution is
warranted before generalizing findings to other populations. We per-
formed sensitivity analyses to assess and minimize heterogeneity and
pleiotropy. The biologic mechanisms of the selected SNPs are
unknown; however, sensitivity analyses failed to find evidence for hori-
zontal pleiotropy. The possibility of horizontal pleiotropy introduced by
observed confounders was further examined using multivariable
MR. However, the multivariable analysis does not overcome bias due to
other pleiotropic effects by pathways other than education or obesity.
Regarding instrument selection, we used a stringent selection threshold
(p-value <5  108) (Burgess et al., 2020) to reduce the possibility of
weak instrument bias.
We provided evidence that tobacco smoking and alcohol con-
sumption increase periodontitis risk, suggesting important public
health and clinical consequences. Yet, we emphasize the importance
of triangulating multiple lines of MR and observational evidence to
strengthen causal inference (Munafò & Smith, 2018).
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